Abstract In the present work, sludge from a stable and efficient phosphorus removal process was used to evaluate the change in the metabolism when the reactor operation was modified from anaerobic/aerobic to aerobic dynamic substrate feeding. The change in operational conditions allowed the population to modify the metabolism of phosphorus and polyhydroxyalkanoates (PHA) accumulation. Under aerobic dynamic feeding, phosphorus accumulation was almost hindered while the amount of PHA accumulation increased significantly. After ten days of operation under dynamic substrate feeding, the reactor operation turned back to anaerobic/aerobic cycles and the metabolism of phosphorus was progressively recovered
Introduction
Activated sludge is able to store internally up to 10% of phosphorus (P) under the form of polyphosphate when submitted to alternating anaerobic (AN)/aerobic (AE) conditions. The hydrolysis of polyphosphate leads to P release to the external medium and the energy provided is used by microorganisms for volatile fatty acids uptake and their conversion to polyhydroxyalkanoates (PHA) (Pereira et al., 1996) . During aerobiosis, the PHA reserves are used by the microorganisms for growth, glycogen storage and P accumulation. Storage of PHA by activated sludge occurs when biomass grows under transient conditions. If for instance an excess of available carbon source is supplied after a previous period of growth limitation, storage of PHA is the response mechanism to the transient behaviour. Activated sludge is able to accumulate up to 70% of PHA when cultivated under alternation of feast (Fe, excess) and famine (Fa, lack) of external substrate (acetate) (Beccari et al., 1997) . Bacteria use storage capacity to provide substrate for growth when it is depleted from the external medium, having a strong competitive advantage over microorganisms without this ability (Majone et al., 1996) .
In this work, sludge adapted to anaerobic/aerobic conditions, AN/AE, showing a high capacity of P accumulation, was submitted to aerobic dynamic substrate feeding, ADF. After one sludge retention time (SRT) the reactor operation turned back to the initial conditions. Acetate and propionate were used as substrates. P removal and PHA accumulation were followed for both conditions.
Materials and methods
The sludge used was obtained from a stable and efficient P removal sequenced batch reactor (SBR) operated during more than 4 years. This SBR was fed with a mixture of acetate, propionate and butyrate as carbon source (320 mg COD/l) and the operational conditions were the same as described in Lemos et al. (1998) . Sludge from this reactor was used to inoculate two SBR (2 g/l), one fed with acetate and the other with propionate (600 mg COD/l for both). Under ADF, sequential cycles of 12 h were imposed, which comprised 10.5 h of AE, with feeding during the first 15 min, 1 h of settling and 30 min for half of liquid phase removal. Under AN/AE conditions the SBR worked in sequential cycles of 8 h (2 h of AN, 4 h of AE, 1 h of settling, 30 min for 1/3 liquid removal, and 30 min for feeding), as described in Lemos et al. (1998) . The mean cell retention time for the reactors was 10 days. The two SBR worked in sterile conditions and the mineral medium composition used was the same described in Lemos et al. (1998) . Organic acids, P, volatile suspended solids (VSS) and PHA determination were done according to Lemos et al. (1998) .
Results and discussion
Acetate as carbon source Figure 1 shows the effect on the PHA accumulation by sludge when the reactor operation was changed from AN/AE conditions to ADF and again to AN/AE, at the end of the anaerobic phase and when acetate was completely depleted, respectively.
The amount of PHA accumulated by the population under AN/AE conditions was very low (less than 20% cell dry weight). The storage capacity was immediately and significantly improved when the reactor operation was modified to ADF conditions, reaching a maximum value of 42% in the first day. When the operation was switched again to AN/AE, the PHA accumulation decreased to the values obtained in the initial AN/AE conditions. The change in operation clearly affected the storage capacity as well as the composition of the polymer produced. In fact, while in AN/AE both polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV) were produced, in ADF only PHB was obtained. The difference between storage during ADF and AN/AE was also confirmed when Nile blue A staining was performed (data not shown).
The P removal capacity of this population suffered modifications when the conditions changed from AN/AE to ADF and, then, back to AN/AE. Figure 2 presents the values of P released to the external medium (at the end of Fe period and at the end of AN period) and the values of P remained in the external medium (at the end of AE). The difference between the two values corresponds to the amount of P accumulated.
When sludge was submitted to ADF, a marked and immediate decrease in P release and removal was observed, denoting instability in EBPR capacity. Once the conditions changed back to AN/AE, a gradual increase in P removed was observed. The modifications in PHA and P metabolisms were confirmed by the kinetic batch tests. Acetate consumption, PHA storage and P removal were followed during an ADF cycle (10th day) and an AN/AE cycle (9th day) and results are shown in Figures 3 and 4 , respectively. Under ADF conditions, acetate was consumed in 150 min and stored as PHB and P did not change significantly. The batch experiment using AN/AE cycles revealed that acetate was fully uptaken in 120 min; both PHB and PHV were produced, although in small quantities and P removal was significant. On the other hand, the ability for PHA storage markedly diminished under AN/AE and stimulated in ADF conditions. Considering only microscopical observations, it was not possible to detect important differences in biomass at the distinct conditions (data not shown).
Propionate as carbon source
The modifications verified in PHA storage when the operational conditions changed from AN/AE to ADF and back to AN/AE, using propionate as carbon source, are shown in Figure 5 .
The PHA stored under AN/AE (around 20% dry cell weight) doubled instantly to 40% cell dry weight when the conditions changed to ADF. Using propionate as carbon source, both PHB and PHV were produced with higher incidence on PHV, which was clearly the opposite of what was observed for acetate. Preferential production of PHV using propionate was obtained in a P removal process, in which this substrate is the precursor on PHV synthesis (Lemos et al., 1998) . However, the response on PHA accumulation by sludge when operating conditions were modified from AN/AE to ADF and again to AN/AE was similar to that described for acetate. Figure 6 presents the modifications observed in the P removal capacity when the reactor operating conditions changed. In this case, the same behaviour was observed when acetate was the carbon source. The EBPR capacity became very unstable when the biomass was submitted to ADF; even a small amount of P was removed. When AN/AE conditions were re-established, P removal increased progressively until the 9th day, showing a full recovery of EBPR capacity. The P and PHA metabolisms were affected in the same way as was observed for SBR fed with acetate. These results can be confirmed by kinetics batch tests performed during the ADF and AN/AE periods (Figures 7 and 8, respectively) .
Under ADF conditions, propionate was depleted in 120 min, both PHB and PHV were stored and P was not removed. Re-establishment of AN/AE conditions allowed low PHB and PHV production and complete P removal. Storage of PHA was stimulated under dynamic feeding and phosphorus removal was disturbed. The opposite was observed when the reactor was operated in AN/AE sequential cycles.
Conclusion
The results hereby presented show that a microbial population, adapted for phosphorus removal, is able to change the metabolism when operating conditions are modified. The change in metabolism seems not to be caused by a modification in the composition of the population because of the immediate response observed when conditions were modified. Quantitative FISH analysis and in vivo NMR will be used to clarify the results obtained. 
